II. LRL EXAMPLES

A. Two Pairs of Lines
An example of the LRL calibration technique is shown in Fig. 2 (a) where both test port connectors are identical male connectors. When the calibration using two lines and one or more terminations with female connectors is complete, the S-parameters of two-port devices that have female connectors on both ends can be measured. Fig. 2(b) shows an example where adapters have been added to obtain two female test port connectors. The LRL calibration can be applied to these new test ports using lines and terminations with male connectors. Then twoport devices that have male connectors on both ends can be measured.
To measure two-port devices that have one male and one female connector, adapter C (or D) is removed to obtain the test port configuration shown in Fig. 2(c) . The parameters for reflectometer A are known from the calibration in Fig. 2(a) , and the parameters for reflectometer configuration F are known from the calibration in for calibrating a dual six-port or four-port reflectometer has been modified so that the scattering parameters of twoport devices having any combination of connectors can be measured.
The thru, reflect, and line measurements made in the TRL calibration are shown in Fig. I(a) . The complex sidearm ratios WI and W2 are measured for the three measurement conditions shown. The test ports are connected together, then one or more highly reflecting terminations are connected to one test port and then to the other test port. Finally, a length of precision transmission line is connected between the two test ports. For a dual six-port, WI and W2 are each obtained from four power measurements made on the four sidearms of each six-port [I] . For a dual four-port, WI and W2 are each obtained from a detector which measures the complex sidearm ratio directly.
The TRL calibration yields the parameters A I, B], and C I of four-port A, and A 2 , B 2 , and C 2 of four-port B which relate W] and W2 to I', and r 2 , respectively, as shown in Fig. l(a) . Also obtained from the TRL solution are the reflection coefficients of all the terminations used in the reflect measurements, and 'Yl of the precision transmission line used in the line measurement, where 'Y is the propagation constant of the line, and l is its physical length. As shown in Fig. l(a) , the TRL technique can be applied only to reflectometers having identical sexless connectors at the test ports. If the requirement for making a thru connection is replaced by a measurement with a short length of line as shown in Fig. 1(b) , then the calibration technique can be applied to a pair of reflectometers having identical connectors of any type, not just sexless connectors. This line-reflect-line (LRL) calibration technique is the subject of this paper.
Abstract-A technique is described for calibrating a dual six-port or four-port automatic network analyzer (ANA) so that the scattering parameters of two-port devices having any combination of connectors can be measured. The technique is a generalization of the "thru-reflectline" (TRL) calibration technique in which the thru is replaced with a second length of precision transmission line. Expressions for errors associated with the second line are derived.
U.s. Government work not protected by U.S. copyright to do a complete LRL calibration so that a two-port device with any combination of connectors can be measured.
adapter C (or between Band D) is not important when this sequence of measurements is used. The connector types used in Fig. 2 (a) and (b) can be completely different. For example, those in Fig. 2(a) could be type N, while the connectors in Fig. 2(b) could be SMA. Two-ports that have a female type N on one end and a male SMA on the other end can be measured as in Fig. 2(c) . The LRL calibration technique can also be applied if one set of connectors is waveguide, and the other set is coax.
B. One Pair of Lines
Only one pair of lines is needed to calibrate the two reflectometers if the connectors on the two-port under test are of the same type. For example, to measure two-port devices that have any combination of type-N connectors, the reflectometers are first calibrated with type-N male connectors as shown in Fig. 3 
The terms on the left of each equation are the desired parameters. The corresponding parameters on the right of each equation with a subscript t are those obtained from the TRL solution. The first four equations show that the four-port parameters B I, C I / AI, B 2 and C 2/ A 2 are exactly equal to those obtained from the TRL solution. Equations (5) and (6) show that the four-port parameters AI and A 2 are scaled by e 'Ylll .
In the TRL calibration, the optimum electrical length of the line is 90°(or an odd multiple of 90°). Electrical lengths near 0°or 180°(or even multiples of 90°) must be avoided or the solution becomes ill conditioned. Equation (7) shows that when two lines are used, it is the difference in the electrical lengths of the two lines that is optimally 90°and that must not be near 0°or 180 0 • IV. LRL FOR SEXLESS CONNECTORS At higher frequencies the optimum length of line for the TRL calibration can become physically too short to be practical. However, if two lines are used, II can be some convenient length and 1 2 slightly longer so that the difference in length is electrically 90°in the center of the frequency band. For this reason, one may want to use the LRL calibration even for sexless connectors at higher frequencies.
Substituting (14) in (7) and solving for I'lll gives
Equations (1)- (6) lead to r = e-'Y1lJr
(18) (8) which say that the reflection coefficient of each tennina- 
Then substituting (16) and (19) in (8) gives
Ir, Iej~s = e-K'xe-jK'y \ r, \ej~(. 
where
The physical lengths II and l2 of the two lines can be measured to obtain a value for K. The uncertainty in I'll 1 due to the assumption that 1'2 = 1'1 can be determined as follows. Let Fig. 4 .
The parameters AI, B I , and C{ are readily obtained from WI and r 2 . Since the uncertainties associated with WI and r 2 have been determined in the TRL calibration, the uncertainties of the parameter A I, B I , and C{ are also readily determined in the same way as for a two-port inserted between measurement planes 1 and 2.
Lengths II and 1 3 are used from I. to /;, and lengths II arid 1 2 are used from /; to 12. The corresponding differences in phase shift are obtained from (31) using the appropriate frequencies.
Equations similar to (30) and (31) can be derived for a
VIII. OPTIMUM LINE LENGTHS
The first line of length II can be any convenient length; however, it should not be longer than necessary. As explained in Section III, the length 1 2 of the second line should be such that the difference in phase shift~cP through the two lines is 90 0 at the center of the operating frequency range il to i2. This condition when applied to coaxial lines leads to [7] 
where i is the frequency in gigahertz and 0 is the skin depth in centimeters into the face of the short [2] . Equations for the phase angle of an offset short [3] or an opencircuit termination [4] are given in the literature.
VII. UNCERTAINTY IN f
Elsewhere in this TRANSACTIONS [5] , [6] techniques are described for propagating random and systematic errors through the six-port calibration and measurement process when the TRL calibration technique is used. When the LRL calibration technique is used, these errors apply directly to I', but not to f. Differentiating (8) Once the errors associated with r I and r2 at both test ports are determined, the errors in the S-parameters of any two-port measured between these test ports are readily calculated [5] .
A special case occurs when the two-port being measured is an adapter such as the female-female adapter C in Fig. 3(b) . In this case we are not so much interested in the parameters and errors associated with the adapter C, but in the parameters and errors associated with the combination of error box A and adapter C. One way to determine directly the parameters Ai, Bi, and C{ of the combination A + C, and the errors associated with these parameters is to consider A + C as a new two-port beIf line I t is then inserted between the test port and I'L' (8) gives for this second measurement
D. From r Ratio
A fourth way of obtaining ' Y )/) is from the ratio of two r measurements. Measure a highly reflecting termination with unknown reflection coefficient rL on one of the test ports of the automatic network analyzer (ANA). Then from (8) the reflection coefficient at that test port can be written
Taking the ratio of (27) to (26) Optimum difference 1 2 -II in two lengths of waveguide are calculated from (38) to have a phase difference A<I> (or 180 -A<I» equal to or greater than A<P./I over the complete frequency band frorn f to!2' The shorter length I, can be any convenient length including zero.
(A2) (A3)
In this expression dr is the total uncertainty with which r is known.
with a short length of line whose ')'1/, is determined by one of the four methods outlined in this paper, it is possible to use all of the TRL software to calibrate a dual sixport or four-port with any type of connector. Thus only one set of software is needed for any type of connector.
The uncertainty d (')'1 ) t in (')'1) t is determined from the TRL solution [5] , [6] . From (13) The derivation of (1 )- (7) is the same as that given by Engen and Hoer [1] except that the identity matrix which describes the cascading parameters of the thru connection in (20) of that paper is replaced with is more accurate than method B or C. Method A is probably the least accurate, but the easiest to apply. 
E. Comparing Methods
Assuming that all errors are roughly the same magnitude, (AI), (A3), (A8), and (A10) imply that method D
